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Introduction
Since the semiconductor industry based on Si is approaching limit of performance improvement, it is a persisting pursuit to use metal as channel material in a field effect transistor (FET). All-metallic FETs could be scaled down to smaller size with less energy consume and performance at higher frequency. [1] No metal or semimetal has shown any notable field effect until the appearance of graphene. [2] Graphene is semimetal but its current is sensitive to electrical field due to its extreme thickness. However, the on/off current ratio of graphene is less than 30, and this greatly limits the application of pure graphene in electronics though its high carrier mobility of up to 10 5 cm 2 /(V•s) is very attractive. [2] After the discovery of graphene, silicene has been fabricated via epitaxial growth on the Ag(111), [3] [4] [5] ZrB 2 (0001), [6] Ir(111), [7] and MoS 2 surfaces, [8] and germanene has also been grown on Pt (111) surfaces recently. [9] High carrier mobility is also calculated in silicene and can be expected in germanene, [10] but they suffer from the same obstacle-very poor on/off current ratio due to their zero band gaps. [11] A fundamental and intriguing question arises: Is it possible to fabricate a high performance FET with metal or semimetal?
Opening a band gap without degrading the mobility can pave the avenue for the application of a Dirac material in high-speed nanoelectronics. The existing approaches of meeting this requirement such as imposing a vertical electric field often suffer from a too small band gap (< 0.3 eV) and thus a poor on/off current ratio (< 1000), and this problem is especially prominent for graphene. [11] [12] [13] [14] [15] [16] [17] [18] Any successful successor to the silicon metal-oxide-semiconductor FET (MOSFET) that is to be used in complementary MOS-like logic must have an on/off ratio of between 10 4 and 10 7 , which requires a semiconducting channel with a transport gap of over 0.4 eV. [19] Therefore, it is highly desired to develop a new method to realize high-performance Dirac material FET devices with a transport gap of over 0.4 eV and an on/off current ratio of no less than 10 4 .
Stacking different two-dimensional (2D) atomic crystals provides a unique opportunity to create new layered materials. The properties of artificially stacked layered materials depend on the composition of 2D crystals and the stacking style, and thus have substantial tunability.
So far, graphene/h-BN, [20] [21] [22] graphene/MoS 2 , [22] [23] [24] [25] [26] and graphene/WS 2 [27] heterostructures have been successfully fabricated and serve as tunneling FETs with a high on/off current ratio up to 10 6 . [22, 24, 26, 27] Recently a Dirac material vertical heterostructure (graphene/silicene) has been grown on Ir(111) and Rh(0001) surfaces. [28, 29] In this article, we reveal that the Dirac cones of the two Dirac materials in a vertical heterostructure survive the weak interlayer van der Waals interaction and are completely free from band hybridization near the Fermi level (E f ), suggesting that electron transport from one Dirac material to the other near E f is forbidden without assistance of phonon because of momentum mismatch. Although, this heterostructure is all-metallic, a large transport gap of over 0.4 eV is observed in an ab initio quantum transport simulation of a single-gated two-probe model, accompanied by a high on/off current ratio of over 10 4 . Such an intriguing property in Dirac material heterostructures is robust against the relative rotation of the two Dirac materials and can also be expanded to homogenous twisted bilayer graphene (BLG).
Results and Discussion

Geometry and Stability of (3×3)Graphene/(2×2)Silicene Heterostructures
Since adjacent layers are covalently bonded in multilayer silicene, [30] [31] [32] here only single layer silicene is used to combine with SLG (single layer graphene), BLG, and TLG (trilayer graphene). We first consider the matching patterns without relative rotations. A supercell model is constructed from a (3×3) graphene unit cell and a (2×2) silicene unit cell. We fix the in-plane lattice constant of the supercell to a S = 7.5 Å, and the lattice constant deviations from the experimental values of graphene and silicene are 1.6% and 3%, respectively. Under this lattice mismatch, the characters of linear dispersion near E f are intact in both standalone graphene and silicene and the work functions of them only increase by 0.1 and 0.05 eV compared with the unstrained ones, respectively.
To find an energetically stable superlattice, three stacking patterns (I-III) of SLG/silicene heterostructures are considered, as shown in Figure 1 . After relaxation, the top views of the three patterns keep unchanged. However, in Pattern I and II, three types of Si atoms in height denoted as Si A , Si B , and Si C are found, while in Pattern III, there only exist two types Si A and Si B . The binding energy E b of graphene/silicene heterostructures between graphene and silicene is defined as graphene and silicene is nearly independent of the graphene layer number (−0.066 ~ −0.068 eV per interface C atom), comparable to the exfoliation energy of −0.052 ± 0.005 eV/C atom for graphite. [33] The interlayer distance between graphene and silicene d Gr-Si (3.41 ~ 3.49 Å) is comparable to that of multilayer graphene.
Electronic and Transport Properties of (3×3)Graphene/(2×2)Silicene Heterostructures
The Brillouin zones (BZs) of graphene and silicene and the mini BZ n graphene/silicene/germanene supercells, the band gap opening originates from a coupling between inversion symmetry breaking and the intervalley interaction because the two valleys K and K' are folded to the same  point and often exhibits a relatively large value. [34] [35] [36] The energy range of absence of band hybridization around E f is 1.3, 1.4, and 1.4 eV for SLG/silicene, BLG/silicene, and TLG/silicene heterostructures, respectively. The wave functions of the SLG/silicene heterostructure at four different (k, E) points are depicted in Figure 2c . The wave functions near the two Dirac cones are localized in graphene or silicene, and suggest that electron of graphene is difficult to transmit to silicene and vice versa in the non-hybridization region. By contrast, the wave functions of both the degenerate and nondegenerate (see Figure S1 ) points in the hybridization region are distributed on both graphene and silicene and suggest an easy electron transfer between graphene and silicene.
This electron opaque feature can also be understood in terms of the mismatch of energy E and momentum k in graphene and silicene. Correspondingly, a transport gap should exist in a transport process from graphene to silicene in graphene/silicene heterostructures without assistance of phonon.
We simulate a single-gated vertical device based on the (3×3)SLG/(2×2)silicene heterostructure, as shown in Figure 3a and 3b. SLG is n-type doped by K atoms in the source region to achieve a high electron sheet density. K atoms are located above the hexagonal ring center of SLG and have a concentration of 1 atom per graphene unit cell. The distance between K atoms and graphene has been optimized. K atoms have been also doped at the metal electrode/WSe 2 contacts of WSe 2 FETs to improve the electron sheet density and lower the contact resistances. [37] . In a real device, we can use metal electrode that has a low (high) work function such as Ag (Au) to contact graphene surface and n-type (p-type) dope graphene instead of K atoms. [38] To avoid the doping effect of K atoms on the heterostructures in the channel region, a long buffer zone of pure graphene is set as shown in Figure 3b Clear on and off current modulation is achieved by varying the gate voltage. The device shows an on/off current ratio of 4.1× 10 7 . If we limit the gate voltage to a more realistic window of −5 ~ 5 V, the on/off current ratio still can reach 7.8×10 4 , which is about 2 orders of magnitude larger than those of the dual-gated BLG and ABC-stacked TLG FETs measured at the room temperature [14, 15] and already sufficient for complementary MOS-like logic. The difference in the on-and off-state is also reflected from the transmission eigenchannel of the device at E = E f and k = (1/3, 0) as shown in Figure 3f . The transmission eigenvalue of the on-state (defined at V g = 20 V) is 0.758, and most of the incoming wave function is able to reach to the other lead. On the contrary, the transmission eigenvalue of the off-state is 5.521×10 −12 , and the corresponding wave is forbidden to pass through the interface due to the translational symmetry rules. The output characteristic of the vertical FET at V g = 0 V is shown in Figure S4 . Although the heterostructure channel is all-metallic, at low V ds (V ds < 0.4 V), the current density is strongly suppressed. It implies the existence of a barrier at the SLG and silicene contact because of momentum mismatch. At higher V ds (V ds > 0.4 V), the current grows more rapidly.
An all-metallic FET has been proposed on the basis of telescoping pristine double-walled metallic carbon nanotubes (TPDWMCNTs) based on density functional theory (DFT) coupled with nonequilibrium Green's function (NEGF) method, and a high on/off ratio of the conductance is also calculated to be 10 4 . However, the transport gap is nearly zero in TPDWMCNTs, and a finite bias will greatly degrade the current on/off ratio. [39] The scale effect of the buffer zone is also investigated. As shown in Figure 4a Figure S5 ).
(8×8)SLG/(5×5)Silicene Supercell
To examine whether the transport gap remains when both the K Gr and K Si points are folded to the K points of the miBZ, we construct a larger (8×8)SLG/(5×5)silicene supercell with a S = 19.49 Å. In this case, the constant deviation is 1.0% and 0.8% in graphene and silicene, respectively. As shown in Figure 5a , the band structure has a similar profile with that of the stacked (8×8)SLG/(5×5)silicene/(8×8)SLG. [40] The Dirac cones of SLG and silicene remain intact and located above and below E f , respectively, resulting in a roughly circular intersection at E f (inset in Figure 5b) . (Figure 5b ), which is consistent with the non-hybridization energy region in the band structure. By applying a gate voltage, a large current modulation also can be expected.
Rotational Situations
There is an orientation degree of freedom in SLG/silicene heterostructures. Taking the (3× 
A Possible Method to Realize the Graphene/Silicene Heterostructure FET
Herein we propose a possible procedure to realize the graphene/silicene heterostructure FET. Silicene has been grown on Ag, [3] [4] [5] ZrB 2 , [6] Ir, [7] and MoS 2 [8] substrates. Unfortunately, the Dirac cone of silicene is always destroyed as a result of either a strong interaction (Ag, Ir, and ZrB 2 cases) or a serious lattice mismatch (MoS 2 case). [8, [41] [42] [43] It appears that a proper substrate to grow silicene without destroying its Dirac cone should have a weak interaction and matched lattice constant. The interactions between silicene and group III monochalcogenide (G3MC) GaS/GaSe/GaTe are weak van de Waals force (e.g. E b = 0.126 eV per Si) [44] and comparable with that (E b = 0.2 eV per Si ) between silicene and MoS 2 . [45] But the lattice mismatches (3.0% ~ 7.4%) between silicene (a Si = 3.866 Å) and GaS/GaSe/GaTe (a = 3.580 ~ 4.100 Ǻ) are smaller than that (17.7%) between silicene and MoS 2 (a = 3.180 Ǻ). The Dirac cone of silicene is kept on GaS/GaSe/GaTe substrate based on our and other DFT calculations. [45] Therefore, GaS/GaSe/GaTe appears to be a proper substrate to grow silicene. It might be interesting to check whether this scheme can be done experimentally. Graphene is then transferred on the top of silicene if silicene could be grown on GaS/GaSe/GaTe substrate. The band structure of the (3× 3)SLG/(2× 2)silicene on the (2× 2)GaS substrate is shown in Figure 7 . The Dirac cone of silicene is preserved on GaS substrate although it is destroyed on MoS 2 substrate. The band components of the (3× 3)SLG/(2× 2)silicene are intact compared with those without GaS nanosheet shown in Figure   2c and the energy range of absence of band hybridization remains about 1.3 eV.
Other Stacked Dirac Materials
A (5× 5)SLG/(3× 3)germanene heterostructure is also constructed, with a S = 12.25 Å and lattice mismatch of 0.4% and 0.5% in SLG and germanene, respectively. As shown in Figure 8a and 8b, the energy range of absence of band hybridization is 1.1 eV around E f , and the transport gap is 0.9 eV in its vertical FET. We expect that in any vertical heterostructure consisting of two weakly interacting Dirac materials, the Dirac cones will survive as long as these Dirac cones do not coincide. As a result, a transport gap and a high current on/off ratio can be expected if no phonon takes parts in the electron transport.
Suppression of transmission by mismatch of k || (transverse momentum parallel to the grain boundary) has been calculated in polycrystalline SLG with specific grain boundary structures through ab initio quantum transport calculations, exhibiting a transport gap of 1.0 eV and an on/off current ratios above 10 3 . [46] It is an interesting question: Does a transport gap exist in a . No matter even or odd the sublattice exchange parity is, the π states of the two layers strongly hybridize with each other due to the interlayer intravalley or intervalley coupling. [47] Indeed, there is no transport gap in a vertical commensurate BLG FET ( Figure S7 ). Even so, a pseudogap appears when the sublattice exchange is even ( Figure S7 , θ 14 = 38.2°).
In order to confirm that there is no band hybridization when two Dirac cones of BLG don't coincide, we rotate one layer by 30° and impose a biaxial strain of ε = 15.5% on it. Such a strain is practical since the elastic strain of SLG has been measured experimentally to be as high as 25%. [48] We obtain a (√3× √3)SLG/(2× 2)SLG supercell with a translation invariation.
A band gap of 0.6 eV is opened in the stressed (√3× √3)SLG due to a coupling between inversion symmetry breaking and the intervalley interaction when both the K Gr and K Gr ' are folded into the  point. [17] As expected, no band hybridization is observed in a large energy range of 2.8 eV around E f in the band structure of the (√3× √3)SLG/(2× 2)SLG and a transport gap of 2.1 rather than 0.6 eV appears in its vertical FET simulation (Figure 8c and 8d).
It should be pointed out that in our calculation phonon is not taken into account at all. At a finite temperature, there is a certain possibility of electron transport from one Dirac cone of one Dirac material to that of the other Dirac materiel due to the existence of phonon, which can provide the required momentum. Therefore, the performance of the vertical FETs composed of stacked Dirac materials should be degraded to a certain extent.
2D materials, with every atom on the surface, show a molecule-like sensitivity to its surroundings. Therefore, it is important to improve the environmental resistance of our devices. hBN films have been proved to be chemically stable high-temperature coatings for graphene, [49, 50] silicene, [11] and germanene [51] without degrading their electronic properties.
Therefore, it's an effective method to protect our devices from the oxide substrate and environment by sandwiching the stacked Dirac materials with hBN films.
Conclusions
Like a conventional metal, the electron motion in Dirac materials such as graphene, silicene, and gemanene, is also difficult to control by a gate voltage. We find that the Dirac cones oscillations in the megahertz frequency range. [52] Experimental work aimed at observing a large current switching ratio in twisted bilayer graphene is under way.
Computational Details
We carry out the geometry optimizations by employing the CASTEP package [53] with the ultrasoft pseudopotential [54] and plane-wave basis set. The cut-off energy is 350 eV. To take the dispersion interaction between the two Dirac materials into account, a DFT-D semiempirical dispersion-correction approach is adopted with the Tkatchenko-Scheffler (TS) scheme, [55] which once predicts the binding energy and the interfacial distance of graphene on metals in good agreement with the experimental values. [38] A vacuum slab more than 15 Å is set to avoid spurious interaction between periodic images. The maximum residual force is less than 0.005 eV/Å. The electronic structures are calculated with the projector-augmented wave (PAW) pseudopotential [56, 57] and plane-wave basis set with a cut-off energy of 500 eV implemented in the Vienna ab initio simulation package (VASP) in order to analyze the band components. [58] [59] [60] [61] The Monkhorst-Pack [62] k-point mesh is sampled with 6×6 and 12×12 in the BZ during the relaxation and electronic calculation periods, respectively. The dipole corrections are included in both the relaxation and electronic calculations. The zero-field geometry and band structures generated from CASTEP and VASP packages coincide well.
A gated two-probe model is used to simulate the transport properties of graphene/silicene heterostructures. We use pristine or doped SLG as source and pristine silicene as drain. The test shows that the on/off ratio is quite poor without K doping. The thickness of the dielectric regions is d i = 10 Å, and the dielectric constant is taken as ε = 3.9, which models SiO 2 .
Bottom gate is used. Gate voltage is applied in y direction where Neumann boundary condition is used. Periodic boundary is used in x direction, and continuous boundary is used in z direction. Electron static potential is obtained by solving Poisson equation using multi-grid method. Transport properties are calculated by using fully self-consistent NEGF method and DFT, which are implemented in ATK 11.2 package. [63] [64] [65] Single-ζ (SZ) basis set is used. The real-space mesh cutoff is 150 Ry, and the temperature is set at 300 K. The entire treatment of transport in this context is ballistic and elastic, i.e. there is no scattering by phonons. The electronic structures of electrodes and central region are calculated with a Monkhorst-Pack [62] 50×1×50 and 50×1×1 k-point grid, respectively. The current is calculated using the Landauer-Büttiker formula: [66] ∫
where ) ( Perdew-Burke-Ernzerhof (PBE) form [67] to the exchange-correlation functional is used throughout this paper.
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